Recent field and laboratory experiments have confirmed that low-frequency sound (10 to 300 Hz) is generated under breaking waves. It has been proposed titat collective oscillations of the bubble plume generated by breakintg may be the mechanism responsible for the generation of this sound. Confirmation of this process requires independent measurement of the void fraction, and therefore sound speed, in the bubbly mixture. Detailed measurements are presented of the evolution of the void-fraction field in bubble plumes generated by large-scale three-dimensional 
INTRODUCTION
Over the past 6 years, there has been much interest in determining the natural mechanisms responsible for the generation of sound at the ocean surface. Field experiments have given ample evidence that breaking waves generate sound in the audio range.
•'2 However, there is still speculation as to which physical mechanisms are: responsible for the sound generation within the breaking wave. In the frequency range from 500 Hz to 20 kHz, there is strong evidence both from laboratory 34 and field exlperiments, 7 and from modeling 8 that the primary source of sound in breaking waves is newly created bubbles oscillating at their lowest linear resonant frequency (the "breathing" mode).
Field experiments have shown that breaking waves can generate significant sound levels below 500. Hz.
• Based on 
2-D laboratory breaking waves. These measurements have
shown that moments of the void-fraction field (i.e., volume of air entrained, plume cross-sectional area, mean plume void fraction, and plume potential energy) evolved as simple functions of time. Of special interest was the fact that the energy required to entrain the bubbles against buoyancy represented 30% to 50% of the total surface wave energy dissipated during breaking. In view of these results, it was concluded that the air entrainment process was closely coupled with the dynamics of the breaking wave. In this paper, we review our earlier 2-D measurements •6 conducted in a 2-D wave channel (see the 
II. PROCEDURE
The experiment consisted of measuring the voidfraction field in a cross section of the bubble plume located at the centerline of the basin for three different amplitudes of the same wave packet. The amplitude of the packet was controlled through a gain factor G applied to the signal fed to the wave maker. Table I gives the important wave parameters for the three waves studied. A breaking wave was generated every two minutes, and at each new position of the instrumentation three repeats of the experiment were averaged in order to reduce the inherent variance of the void-fraction signal. In our earlier 2-D experiments, the void-fraction measurements were found to have good repeatability when ensemble averaged over three repeats of the breaking wave.•7 For each breaking event, void fraction TABLE I. Characteristics of the three wave packet amplitudes studied. G is the gain of the signal and it is used here to identify the wave packet. The time from initial motion of' the paddles up to breaking is t o which is taken as the time when the forward-moving jet of the breaker strikes the free surface at a distance x 0 from the paddles. Note that t o is also the time when the underwater acoustic signature from the breaking wave As the., 3-D wave progresses toward breaking, the central section of the wave crest plunges forward first and breaking continues by spreading laterally. This effect is depicted in Fig. 3(a) which shows a photograph of a breaking wave taken at the OTRC facility. case, we have observed less penetration of the secondary plume even though the elevation of the splash in both the 2-D and 3-D cases were comparable (and of the order of the wave amplitude at breaking). One possible explanation for this effect is that in the 3-D case the splash is not only projected forward but also laterally. Therefore, all of the splash water generated at impact lands over a greater area in the 3-D case because of this lateral spreading effect. Since there is less water falling onto the surface per unit surface area, there is accordingly less penetration of the secondary bubble plume being generated by this falling water. Finally, the last qualitative feature of 3-D breaking waves we wish to indicate is the characteristic curvature of both the primary and secondary bubble plumes. This feature is due to the fact that the central part of the breaker not only plunges forward first but it also plunges further downstream followed progressively by lateral sections which break later in time and upstream in space. 
where x is the horizontal distance from x 0, the location when the forward-moving jet of the breaker strikes the free surface (i.e., at the beginning of breaking), and z is the depth from the free surface. The same analysis can be carried out for the soundspeed radial profiles of Fig. 10(b) . The second-order polynomial fit is c(r,t)=Bo(t)+Bl(t)(r/ro)+Bz(t)(r/ro) 2,
where B o, B l, and B2 are functions of time and are given in Fig. 11(c) ,(e) for times ranging from 0.15T to 0. ST. The sound speed in the center of the plume is given by Bolt) which shows an initial decrease up to 0.25T corresponding to the void fraction dropping from 100% down to 50% [see .40(t) in Fig. 11(a) In the 2-D ease, we found that the bubble plume moved at or near the phase speed C of the wave immediately after breaking whereas in the 3-D experiment, the speed was 0.7C. This was probably due to the fact that in the 2-D breaking waves, the secondary bubble plume constituted a substantial part of the total air entrained (as opposed to the 3-D case) and it increased the mean bubble differ substantially but that important differences were observed at later times when the void-fraction levels in both fresh and salt water were significantly lower. In our experiments, the high void-fraction levels (0.3% to 100% } are present in the first wave period following the onset of breaking. The findings of the tipping bucket experiments suggest that the results of our fresh water experiments would also apply in seawater for these short times after breaking.
V. CONCLUSIONS
The present work has been motivated in part by our need to understand the role played by bubble plumes in generating and scattering sound at the ocean surface. Progress in this field has been impeded by our poor knowledge of the evolution of the void-fraction and sound-speed fields in bubble plumes generated by breaking waves. In this paper, we have described a series of laboratory measurements of the void-fraction field in bubble plumes gen- The kinematics of the plume was investigated by tracking the centroid of the void-fraction field. In the 3-D experiments where the secondary plume was found to be negligible, the horizontal ½entroid was found to move at 0.7C, where C is the phase speed of the wave. In the 2-D experiments, the speed was closer to C but reanalysis of the data showed that the primary plume, when considered independently of the secondary plume, moved at nearly 0.7C.
The horizontal centroid also showed that the bubble plume was moved horizontally by the orbital velocity of the wave after breaking. The vertical centroid of the plume in the 3D experiments was found to deepen at a speed of approximately 0.2H/T, where H and T are the waveheight at breaking and the wave period, respectively. The maximum penetration depth ranged between 0.2H to 0.35H. These results were consistent with the 2-D experiments for the most energetic breaking wave.
The radial structure of an equivalent semicylindrical bubble plume was investigated. It was found that the radial dependence of the void-fraction and sound-speed field can be described with relatively simple functions which depend on the bubble plume radius and time. These functional forms hold well for times up to 0.8 T which covers the time period when the bubble plume is acoustically active (Locwen and Melville•S). Finally, the void-fraction measurements described here along with independent measurements of the low-frequency pressure fluctuations generated by breaking (Loewen and Melville •s) support the hypothesis that low frequency sound is generated by collective oscillations of the bubble plume. Table AI 
